INTRODUCTION
Despite many years of intensive effort, the role(s) of ATP in nitrogenase function remain unclear (see [1, 2] ). In Mo-containing nitrogenases the electron transfer from the Fe-protein to the MoFe-protein and subsequent reduction of substrates is coupled to the hydrolysis of MgATP to MgADP. During enzyme turnover, a minimum of two ATP molecules are hydrolysed for every electron transferred to substrate. The protein-protein electron transfer results in the reduction of the iron-molybdenum cofactor (FeMoco) centres, the putative active sites, of the MoFe protein [3] . These centres are -1.9 nm (-19 A) [4] from the other type of redox centre in MoFe proteins, the 'P' clusters, which are unique linked pairs of Fe4S4 clusters [5] and have been implicated as having a capacitor role of electron storage and discharge during N2 reduction [6, 7] . A detailed model of sequential electron transfers and generation of enzyme intermediates involved in dinitrogen reduction has been developed (reviewed in [8] ).
The interaction of MgATP and MgADP with the Fe protein alone is well documented [1, 3, 9] ; nucleotide binding results in a conformation change and decrease in redox potential of the [4Fe-4S] centre. Sequence analysis [10] and the three-dimensional X-ray crystal structure of the Fe protein [11] has revealed a potential nucleotide-binding site on each subunit. However, the hydrolysis of MgATP by nitrogenase requires both the MoFe protein and the Fe protein, although protein-protein electron transfer is not necessarily required, since hydrolysis is catalysed by dye-oxidized proteins [12] . Thus the MgATP-hydrolysing site is generated when the MoFe protein and the Fe proteins form a complex, which has been physically demonstrated by ultracentrifugation studies [13] [15] . The weak binding of MgATP to these proteins thus appears to be independent of their oxidation state.
We have previously reported the binding of 2 mol of MgADP to the dye-oxidized form of the MoFe protein of Azotobacter chroococcum Mo-nitrogenase (AclM) and the VFe protein of the V-nitrogenase of this organism [14] and also to dithiQnitereduced AclM [15] . However, in subsequent work the number of binding sites was found to vary. The work reported here shows that MgADP binding depends on the oxidation state of the 'P' centre clusters of the MoFe proteins; thus the earlier observations of variability in the number of binding sites were almost certainly a consequence of inadequate control of the redox state of the protein. These findings, and their relevance to the mechanism of interaction of nucleotides with nitrogenase, are discussed.
MATERIALS AND METHODS Purfflcation and assay of nitrogenase
Nitrogenase components of K. pneumoniae were purified and assayed as described previously [18, 19] ; the specific activity of Abbreviations used: Em, midpoint potential; FeMoco, iron-molybdenum cofactor; Kpl, Klebsiella pneumoniae nitrogenase; ACIMO, Mo-nitrogenase of Azotobacter chroococcum.
: To whom correspondence should be sent. Figure Ib) . ADP was bound to the protein and appeared in the protein effluent peak as a coincident peak of radioactivity. The molar ratio varied over the peak in the three different fractions containing protein, but integrated (total nmol of ADP bound/ nmol of Kpl ) to give an average of 3.94 ADP/mol of protein. At the peak the ratio was 4.4+0.6. Since later fractions over the peak did not show an increase in the amount of ADP bound to protein, equilibration between ligand and protein was considered to be complete, and therefore no systematic study ofequilibration was undertaken. However, the post-protein elution profile did not show ideal behaviour, since fractions were also depleted of ADP. The dip is more protracted in Figure l(b) , since the nonequilibrium nature of the binding results in continued binding occurring during separation of Kpl from the unlabelled loading buffer. These observations are very similar to our previously obtained data [15] for dithionite-free reduced AcdM0. This atypical pattern was shown in this,.case to arise from low rates of release of nucleotide relative to the rate of passage of the protein, through the gel-filtration column [15] . We attribute the difference between the data reported previously and the data reported here as being due to inadvertent oxidation of the 'P' centres in dithionite-containing solutions in the earlier experiments. MoFe proteins are 02-sensitive and are therefore routinely isolated under N2 in buffers containing 1-2 mM Na2S204 to protect them The observed slow release (minutes) of MgADP from 'P'-centre-oxidized Kpl is much slower than the rate-limiting step of protein-protein dissociation following electron transfer (6.5 s-1) [8] . We propose that the rapid release of tightly bound MgADP occurs when the 'P' clusters are re-reduced by the reduced Feprotein-MgATP complex, a reaction which is known to be fast and enables the recharging of the electron capacitor. This is consistent with our observations above that MgADP does not bind to MoFe protein having reduced 'P' centres. We further suggest that the tight binding of MgADP to the 'P'-clusteroxidized MoFe protein at a critical stage during turnover is necessary to prevent the reversal of electron transfer from the substrate binding site to the 'P' clusters.
